Abstract: UV-Vis absorption data of p-nitrophenyl azo resorcinol (Magneson I) and its 2 Fe(III) and Cr(III) complexes were investigated both experimentally and theoretically. The geometries were optimized at BP86/TZVP level. The most stable spin states were computed as doublet and quartet for Fe(magneson) 3 and Cr(magneson) 3 complexes, respectively.
Introduction
Metal complexes and metal complexed azo dyes are used widely in the textile industry, 1 photoelectronic applications, 2 optical devices, 3 organic light-emitting diodes (OLEDs), 4 chemosensors, and biotechnology probes.
5
Azo dyes are synthetic colors containing an azo group (-N=N-) as part of the structure. The azo groups are generally connected to benzene and naphthalene rings. Occasionally, they are also attached to aromatic heterocycles or to enolizable aliphatic groups. 6a These side groups around the azo bond help to stabilize the N=N group by making it part of an extended delocalized system. This also has the effect of making many azo compounds colored, as delocalized or conjugated systems often absorb visible frequencies. 6b The azo group has not been observed to coordinate with a metallic atom to form a stable complex unless the metal can be held by chelation within the dye molecule. Azo dyes must therefore possess a hydroxyl, amino, or other group in opposition to the azo group to enable the metal atom to be implicated in a chelate ring. Further, only one nitrogen atom of the azo group enters into coordination; copper complexes have been assigned structures in which both the nitrogen atoms of an azo group coordinate with the metallic atoms, but such complexes are to be regarded as resonance hybrids of azo and quinonehydrozone structures. 7 Azo violet, 4-(p-nitrophenyl azo resorcinol) (Magneson I), is an azo dye. Although Magneson I can be interacted with metals, forming different colors, it has been much less reported. 8 This is a first principles study to explore the complexation behavior of Fe(III) and Cr(III) with Magneson I.
The spectroscopic, photochemical, and photophysical behavior of transition metal azo dye complexes can be explained by the use of quantum chemical studies. Modern density functional theory (DFT) calculations have proved highly successful at predicting the structures and electronic properties of transition metal complexes.
In addition, time-dependent DFT (TDDFT) 9 calculations allow quantum chemists to probe the nature of the excited states of complexes and facilitate a better understanding of observed electronic absorption spectra.
10
In this first principles study, we take a closer look at the geometric and electronic structures of the Fe and Cr complexes of Magneson I with the results obtained from the DFT calculations performed to understand the interaction that is going on around the central metal ion and specifically to get a better insight into its interaction with the Magneson I ligand. Another aim of this research is to provide a theoretical understanding of the spectroscopic properties of the 1:3 complexes of Fe(III) and Cr(III) with Magneson I. To achieve this goal, theoretical electronic spectra of the most stable complex structures are compared to the experimental data recorded in water solution (at pH 7). Overall, we are interested in the design of new ligands and complexes for the development of colored complexes for determining Fe(III) and Cr(III).
Experimental

Reagents
All solutions were prepared with deionized water (18.1 MΩ cm) obtained from a Barnstead Nanopure Diamond purification system. All chemicals used were of analytical reagent grade. Standard solutions (1000 µ g mL −1 ) hybrid functionals. The "Triple ζ " quality and polarization basis sets were employed for the C, H, N, and O atoms (TZVP) and the Fe and Cr (LANL2TZ(f)).
19 To obtain the vertical excitation energies of the lowlying singlet excited states of the complexes, TDDFT calculations using the M06, B3LYP, and PBE0 hybrid functionals in water were performed at the respective ground state geometries. LANL2TZ was again used for Fe and Cr, while for the C, H, N, and O atoms the TZVP basis set was used. Typically the 20 lowest singlet excited states of the open shell complexes were calculated for comparing with the experimental absorption spectra and examining each peak. Solvent effects (water) were introduced by the SCRF method, via the polarizable continuum model (PCM) 20 implemented in the GAUSSIAN 09 program, for both SCF energies and TDDFT calculations. The cavity for the solute molecule was built from a group of overlapping spheres. The universal forcefield (UFF) model, which places a sphere around each solute atom, was applied to build up the molecular cavity.
Results and discussion
Geometries
In order to neutralize the charge of the overall molecule, a metal-to-ligand mol ratio of 1:3 was adopted to the molecular design of both structures. The structural stability and energetic and electronic properties of Fe(magneson) 3 and Cr(magneson) 3 were investigated with BP86/TZVP level of theory. The most stable spin states were computed as doublet and quartet for Fe(magneson) 3 and Cr(magneson) 3 complexes, respectively.
Thus, the S = 1/2 and S = 3/2 is in fact a ground state for these ferric and chromic complexes, respectively.
The optimized ground state structures of Fe(magneson) 3 and Cr(magneson) 3 complexes are shown in Figure 1 . Selected bond lengths and angles for the optimized geometrical parameters of all complexes are reported in Table 1 . The calculated M-N and M-O distances of ground state structures for Fe(magneson) 3 were 2.0 and 1.9Å and for Cr(magneson) 3 were 2.1 and 2.0Å, respectively. Moreover, these results are similar to the values of bond length ranges of complexes in most of the low spin ferric and chromium(III) complexes studies. 13a,21−23 The angles between trans ligands were smaller than 180
• . The N2-M-N3, N1-M-O2, and O1-M-O3 maximum at 450 nm. The computed results also matched the experimental ones. In the computation, M06 functional has little difference (3 nm) while the other B3LYP and PBE0 functionals have 9 and 11 nm differences from the maximum absorption value.
In the Fe(magneson) 3 complex, the bands with large oscillator strength (0.0449, 0.0295, and 0.0262) were obtained at 506, 503, and 506 nm with M06, B3LYP, and PBE0, respectively. The 532, 534, and 516/534 nm absorption bands with 0.0130, 0.0255, and 0.0027/0.0006 oscillator strengths taken from M06, B3LYP, and PBE0, respectively, could be readily associated with the experimental low-lying absorption band (534 nm). These absorptions were due to dominant contributions of the following orbital transitions: S → L + 1, S → L, and S → L + 6/S -15 → L + 7 for M06, B3LYP, and PBE0, respectively, where "S" and "L" denote the "highest singly occupied molecular orbital" and the "lowest unoccupied molecular orbital", respectively.
According to molecular orbital analysis (Table 3) ligand. The α -spin S of Fe(III) computed from PBE0 is composed of Magneson I at 38%, whereas the α -spin L + 6 consists of 51% d(Fe). Thus, the absorption band at 516 nm can be described as LMCT transition.
We also predicted other absorption bands for Fe(magneson) 3 complex at 543 and 549 nm with M06 and B3LYP, respectively. Furthermore, weak absorption bands in the 650-700 nm range with smaller oscillator strengths than for those mentioned above were also obtained from considered functionals to compare with the experimental result at 669 nm. The 15-30 nm shifts in wavelength are usual for TD-DFT-based excitation energy calculations.
13a
Considering Table 2 , we attribute the 497, 521, and 479 nm absorptions to MLCT, LLCT, and LLCT, which are consistent with the experimental value (532 nm) for Cr(magneson) 3 complex. The 537, 553, and 529 nm bands obtained from M06, B3LYP, and PBE0, respectively, show a similar transition character (S → L). Although the B3LYP absorption band at 553 nm matches the experimental absorption band at 570 nm, the additional band at 576 nm attributed to LMCT obtained from M06 is the closest one, with 6 nm differences. Furthermore, the experimental absorption band at 640 nm was obtained by only M06 functional at 647 nm with small oscillator strength (0.0005). The lower energy transitions at 684, 697, and 703 nm originate mainly from the S -1 to L (M06) and to L + 2 (B3LYP and PBE0) transitions and the M06 band can be readily associated with the experimental absorption band with only 12 nm difference. The selected frontier molecular orbitals involved in the main absorption transition from M06, B3LYP, and PBE0 at 532, 534, and 534 nm of Fe(magneson) 3 and 576, 553, and 529 nm of Cr(magneson) 3 complexes, respectively, are displayed in Figure 2a and Figure 2b .
One further point of interest in this study is the comparison between the experimental absorbance values and computed oscillator strengths. Experimental absorbance values were scattered in the ranges of 0.073-0.0918, 0.0110-0.0570, and 0.0230-0.0420 for Magneson I, Fe(magneson) 3 , and Cr(magneson) 3 complexes, respectively, depending on the particular spectroscopic determination. Calculated values of the oscillator strength of the transitions in the studied metal complexes were lower than the experimental data. The computed oscillator strengths are found to increase linearly with the number of electrons (N). However, due to several factors, the experimental values of oscillator strengths are rather scattered with different N. They can be related mainly to the change in interplanar distances in the solvent effects on ε. Combining computational studies with experimental spectroscopic results helps us to achieve a deeper understanding of the electronic properties of transition metal complexes. TDDFT calculations show great promise for use in the study of relatively complex electronic absorption spectra of systems that exhibit multiple absorption bands. In this first study of the complexation of the Fe(III) and Cr(III) with Magneson I, TDDFT calculations were carried out to obtain the UV-Vis spectra properties in water. On the basis of the results, the general conclusions are summarized as follows.
The DFT calculations at BP86/TZVP level indicate that the most stable spin states of Fe(III) and Cr(III) complexes are doublet and quartet, respectively. These results are essentially the same as their corresponding literature-known counterparts. The lowest energy structure of both metal complexes is the distorted octahedral geometry. The bond distances and angles are also supported by experimental data in the literature.
The calculated TDDFT results showed that based on M06, B3LYP, and PBE0 functionals, the maximum absorption wavelengths are 446, 459, and 439 nm for Magneson I; 532, 534, and 534 nm for Fe(magneson) 3 complex; and 576, 553, and 529 nm for Cr(magneson) 3 complex, whereas the experimental results are 450, 534, and 570 nm for Magneson I, Fe(magneson) 3 , and Cr(magneson) 3 complex, respectively. The comparison of the results obtained with each of the exchange-correlation potentials considered here on the Fe(magneson) 3 and Cr(magneson) 3 complexes allows us to conclude that the M06 and B3LYP functionals are the better choice overall for the TDDFT absorption bands, because of the better matching with the low-lying absorption bands in experimental UV-Vis data. The low-lying absorption bands in UV-Vis spectra were theoretically assigned to LMCT and LLCT for Fe(III) and MLCT, LMCT, and LLCT for Cr(III) complexes. In conclusion, Magneson I can be useful in determining Fe(III) and Cr(III) and the computed results support that the BP86/TZVP level of optimization and M06/TZVP + LANL2TZ or B3LYP/TZVP + LANL2TZ TDDFT approaches are reliable for describing the geometries and spectral properties of open shell ferric and chromic complexes.
